Many bacteria use protein-based microcompartments (MCPs) to optimize metabolic pathways that have toxic or volatile intermediates (7, 11, 14, 47) . These polyhedron-shaped MCPs are about 100 to 150 nm in cross-section and consist of enzymes encapsulated within a protein shell. Based on sequence analysis, approximately 20 to 25% of bacteria produce MCPs involved in at least seven different metabolic pathways (3, 7, 14) . Different types of MCPs have related protein shells but differ in their encapsulated enzymes. The best-studied MCP is the carboxysome, which is found in all cyanobacteria and some chemoautotrophs (11, 36) . It encapsulates ribulose bisphosphate carboxylase oxygenase (RuBisCO) and carbonic anhydrase, improving carbon fixation efficiency via a carbon dioxide concentrating mechanism (12, 36) . Other MCPs function in the B 12 -dependent degradation of ethanolamine or 1,2-propanediol (1,2-PD) or have unknown functions (10, 20, 35, 39) .
Salmonella enterica produces a MCP for B 12 -dependent 1,2-PD utilization (Pdu MCP) (8, 22) . 1,2-PD is a major product of the anaerobic degradation of the plant sugars rhamnose and fucose and is thought to be an important carbon source in anoxic environments such as sediments, the depths of soils and the large intestines of higher animals (25, 31) . The Pdu MCP consists of at least 17 different polypeptides including eight different shell proteins and five enzymes (13, 19, 34) . The encapsulated enzymes include coenzyme B 12 -dependent diol dehydratase (PduCDE), coenzyme A-dependent propionaldehyde dehydrogenase (PduP), and three other enzymes required to support the activity of diol dehydratase: reactivase (PduGH), adenosyltransferase (PduO), and cobalamin reductase (PduS) (13, 19, 23, 29, 30) . The function of the Pdu MCP is to sequester propionaldehyde primarily to protect cells from cytotoxicity and DNA damage during 1,2-PD catabolism ( Fig.  1 ) (37) .
Diol dehydratase (DL-1,2-propanediol dehydratase, EC 4.2.1.28) is an enzyme that catalyzes the adenosylcobalamin (coenzyme-B 12 )-dependent conversion of 1,2-diols to the corresponding aldehyde (24, 43) . Salmonella contains three genes (pduCDE) for 1,2-propanediol dehydratase (9) . It is composed of the M r 60,000 (PduC), 25,500 (PduD), and 19,000 (PduE) subunits. The crystal structure of diol dehydratase from Klebsiella oxytoca (96% amino acid identity with diol dehydratase from Salmonella) shows the enzyme is a dimeric heterotrimer (␣␤␥) 2 (38) . Here, the ␣, ␤, and ␥ subunits correspond to PduC, PduD, and PduE, respectively, in Salmonella. The interaction between the two ␣ subunits exclusively contributes to dimerization of the heterotrimer. Two ␤ and two ␥ subunits are separately bound by the two ␣ subunits. The cobalamin molecule is bound between the ␣ and ␤ subunits in the "base-on" mode (38) . The ␥ subunit is in full contact with the ␣ subunit to maintain the overall structure (38) .
A key to the function of bacterial MCPs is the encapsulation of specific enzymes within their protein shells. Our prior work indicated that the N-terminal 18 amino acids of coenzyme A-dependent propionaldehyde dehydrogenase (PduP) are necessary and sufficient for packaging enzymes into the Pdu MCP (18) . The packaging sequence of PduP was first noticed as an N-terminal extension that is absent in homologues that are not associated with MCPs (18) . A multiple sequence alignment showed that PduD and PduE each have a 30-to 40-amino-acid N-terminal extension compared to homologues that are not MCP associated (16) . These short sequences lower the solubility of diol dehydratase and were proposed to be involved in packaging (42) . However, the role of these N-terminal extensions in MCP assembly has not been investigated experimentally. We report here that the N-terminal sequence of the medium subunit of diol dehydratase (PduD) is required for PduCDE packaging and is necessary and sufficient for packaging heterologous proteins into the lumen of the Pdu MCP.
MATERIALS AND METHODS
General molecular methods. Plasmid DNA was purified with Qiagen (Chatsworth, CA) products according to the manufacturer's instructions. After PCR amplification, DNA was purified by Promega Wizard PCR Preps (Madison, WI). Restriction digests were carried out according to standard protocols. For the ligation of DNA fragments, T4 DNA ligase was used according to the manufacturer's instructions (New England Biolabs, Ipswich, MA).
Bacterial strains, media, and growth conditions. The bacterial strains used in the present study are listed in Table 1 . The minimal medium used was nocarbon-E (NCE) medium (4, 44) . The rich medium used was LB broth Lennox (also known as lysogeny broth) obtained from Difco (Detroit, MI) (5, 6, 28) .
Construction of plasmids. Plasmids for expression of PduC, PduD, PduE, PduCD, and PduDE were constructed using PCR to amplify the appropriate coding sequence from chromosome of wild-type LT2. The PCR primers introduced BglII and HindIII restriction sites that were used for cloning into vector pLAC22 (45) . For the PduCE expression vector, PCRs were used to amplify the pduC coding sequence. The forward primer introduced a BglII restriction site, and the reverse primer introduced a ribosome binding site, followed by a BsrGI site and a HindIII site. The pduC PCR product was cloned into pLAC22 BglII to HindIII to form pLAC22-pduC. Next, PCR was used to amplify the pduE coding sequence. The forward primer introduced a BsrGI restriction site and the reverse primer introduced a HindIII site. The PCR product was digested with BsrGI and HindIII, purified, and cloned into pLAC22-pduC to form pLAC22-pduC-BsrGI-pduE. A similar approach was used to make the plasmid pLAC22-BglII-pduC-BsrGI-pduD-SpeI-pduE-HindIII. For the pduCD(⌬2-35)E and pduCDE(⌬2-35) constructs, PCRs were used to amplify the pduD and pduE coding sequence, and the deletions were introduced by the PCR primers. The PCR products were digested with BsrGI/SpeI and SpeI/HindIII individually, purified, and cloned into pLAC22-BglII-pduC-BsrGI-pduD-SpeI-pduE-HindIII. For the fusion proteins, PCR was used to amplify the green fluorescent protein (GFP) and glutathione S-transferase (GST) coding sequence and the N-terminal 18 amino acids were added with the PCR primers. The DNA sequences of all clones were verified.
General protein methods.
Polyacrylamide gel electrophoresis (PAGE) was performed by using Bio-Rad Ready gels and Bio-Rad Mini-Protean Tetra Cell according to the manufacturer's instructions. After gel electrophoresis, Bio-Safe Coomassie (Bio-Rad) was used to stain the proteins. The protein concentration of solutions was determined by using Bio-Rad protein assay reagent. For Western blotting, 10 g of purified MCPs or 20 g of soluble extracts was loaded into each lane on a Mini-Protean TGX Any KD ready gel. The proteins were transferred to a nitrocellulose membrane and detected by primary antibody from rabbit and goat anti-rabbit conjugated to alkaline phosphatase as the secondary antibody (Bio-Rad). Chromogenic developing agents were used according to the manufacturer's instructions (Bio-Rad).
Microcompartment purification and preparation of soluble cell extracts. Strains were grown in 200 ml of NCE medium supplemented with 1 mM MgSO 4 , 0.5% succinate, and 0.6% 1,2-PD. Ampicillin (100 g/ml) and 0.02 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) were used when proteins were produced from pLAC22. The inoculum was a 0.2% LB culture, and incubation was performed at 37°C with shaking at 275 rpm overnight. After cultures reached an optical density at 600 nm that was between 1 and 1.2, the cells were harvested by centrifugation. MCP purification was described previously (19) . Purified MCPs were stored at 4°C prior to analysis. The soluble fraction of the cell extracts was prepared by centrifuging the cell crude extract at 20,000 ϫ g for 20 min. The supernatant was kept at 4°C prior to analysis.
Propanediol dehydratase enzyme assays. Propanediol dehydratase activity was quantified by measuring the formation of propionaldehyde. This was done by monitoring the conversion of NADH to NAD ϩ in a coupled NADH-dependent alcohol dehydrogenase reaction that reduces propionaldehyde to 1-propanol (1). The 2-ml reaction mixtures included the following components: either 10 g of cell extract or 5 g of purified MCP, along with 200 mM 1,2-propanediol, excess Saccharomyces cerevisiae alcohol dehydrogenase (25 g/ml; Sigma-Aldrich), 50 mM HEPES buffer (pH 7.5), 50 mM KCl, 0.4 mM NADH, and 20 M AdoB 12 . The reactions were initiated by the addition of AdoB 12 . The reaction temperature was 37°C, and the absorbance at 340 nm was monitored with a Cary50 spectrophotometer. The amount of NAD ϩ formed was determined by using ⌬ε 340 ϭ 6.22 mM Ϫ1 cm
Ϫ1
. One unit of propanediol dehydratase activity was defined as the amount of propionaldehyde (in micromoles) formed per minute per milligram of protein.
Immunoprecipitation. Purified MCPs were dialyzed with 50 mM Tris (pH 8.0), 50 mM KCl, and 5 mM MgCl 2 overnight at 4°C. The dialyzed MCPs were then broken by sonication. Protein A-Sepharose 4B Fast Flow beads (Sigma) were used to precipitate rabbit IgG. Beads were washed with cold phosphate-buffered saline (PBS) buffer three times, diluted 10 times with PBS, mixed with anti-GFP, and shaken gently for 1 h at 4°C. Broken or intact MCPs were added and gently shaken for 1 h at 4°C. Mixtures were centrifuged for 2 min at 2,000 ϫ g to collect the beads, and the supernatant was saved for analysis later. The beads were mixed with PBS and placed on ice for 10 min, and the supernatant was removed. This was repeated three times. Next, the beads were mixed with HEPES (pH 7.0) centrifuged for 2 min at 2,000 ϫ g, and the supernatant was removed. This was repeated three times, and the washed beads were used for analysis. The supernatant and precipitate fractions were analyzed by Western blotting for enhanced GFP (eGFP). 
RESULTS
The medium subunit (PduD) of diol dehydratase (PduCDE) can target itself and the other subunits into the Pdu MCP. In order to identify the subunit(s) required for packaging, the individual subunits of diol dehydratase (PduC, PduD, or PduE) were produced from a plasmid in strains having a deletion of the chromosomal copy of pduCDE, and the resulting MCPs were purified and analyzed by Western blotting (Fig.  2A) . The three subunits of the PduCDE protein are clearly present in the MCPs purified from the ⌬pduCDE strain producing wild-type PduCDE from a plasmid (lane 2). When individual subunits were produced, only PduD (lane 4) was associated with purified MCPs, while PduC and PduE were not detected (lane 3 and 5). We also analyzed the soluble fraction of cell extracts from these strains by Western blotting (Fig. 2B) . All of the subunits were detected showing that they were produced from the plasmid in a soluble form.
We also tested the packaging of pairs of subunits. PduCD, PduDE, or PduCE were produced from plasmid in strains having a deletion of the chromosomal copy of pduCDE, and the resulting MCPs were purified and analyzed by Western blotting (Fig. 3A) . When PduCD or PduDE was coproduced (lanes 1 and 2), both subunits were associated with purified MCPs. In contrast, when PduCE was coproduced neither subunit was detected in purified MCPs by Western blotting (lane 3). We also analyzed soluble cell extracts of these strains by Western blotting (Fig. 3B) . In all cases, the subunits were present in a soluble form. Given the above results, we infer that PduD can self-package and also direct other subunits into the Pdu MCP.
A short N-terminal region of PduD is required for efficient packaging of PduCDE into the Pdu MCP. Our previous bioinformatic studies suggested that the N-terminal regions of PduD and PduE might be involved in targeting diol dehydratase (PduCDE) to the lumen of the Pdu MCP (18) . In addition, prior work in Klebsiella showed these regions of diol dehydratase are not essential for catalytic function and a role in packaging was proposed (42) .
To test this experimentally, PCR was used to make plasmid constructs for production of PduCDE lacking 35 N-terminal amino acids of PduD and PduE, individually [PduCD(⌬2-35)E and PduCDE(⌬2-35)]. Wild-type PduCDE and each deletion were produced from a plasmid in strains having a deletion of the chromosomal copy of pduCDE, and the resulting MCPs were purified and analyzed by Western blotting (Fig. 4A) 1 and 2) . We also analyzed soluble cell extracts of these strains by Western blotting and found that all subunits were present (Fig. 4A) . These findings indicate that deletion of the N-terminal region of PduD impaired the packaging of PduCDE into Pdu MCP. We also measured the enzyme activity of PduCDE, PduCD(⌬2-35)E, and PduCDE(⌬2-35) in cell extracts and purified MCPs (Table 2 ). Crude extracts all had roughly similar activity. This established that PduCD(⌬2-35)E and PduCDE(⌬2-35) were stable and active. Enzyme assays also showed that MCPs purified from the strain producing PduCD(⌬2-35)E had much lower (5%) diol dehydratase activity than those purified from cells producing native PduCDE supporting the Western blotting analyses that indicated the PduCD(⌬2-35)E was impaired for MCP association. In contrast, strains producing PduCDE(⌬2-35) showed a proportional decrease in diol dehydratase activity in both crude extract (76%) and purified MCP (70%), suggesting that the N terminus of PduE is needed for optimal enzyme activity but is not required for targeting.
Similar experiments were performed on PduD alone. PCR was used to make plasmid constructs for production of PduD lacking 35 N-terminal amino acids [PduD (⌬2-35) ]. The resulting MCPs were purified and analyzed by Western blotting (Fig.  4B ). PduD and PduD(⌬2-35) were both present in the soluble fraction of cell extracts (lanes 5 and 6). However, only native PduD protein was present in the MCP (lane 2). These findings indicate that the N-terminal region of PduD interacted with the MCP in a manner that does not require interaction with other parts of the PduCDE. Based on these results, we infer that a short N-terminal region of PduD is required for the efficient packaging of PduCDE into the Pdu MCP.
A short region of the N terminus of PduD is sufficient for packing heterologous proteins to the lumen of the Pdu MCP. To determine whether the N-terminal region of PduD was sufficient for packaging, we fused 18 amino acids from the N terminus of PduD to eGFP. The fusion protein [PduD(1-18)-eGFP] was produced from a plasmid in a pduCDE deletion mutant, and Western blotting was used to determine whether eGFP was associated with purified MCPs (Fig. 5A) . No eGFP was detected in MCPs purified from a pduCDE deletion mutant expressing native eGFP (lane 5). In contrast, the fusion protein was present in purified MCPs (lane 6) at levels higher than crude cell extracts (lane 3). Both native eGFP and fusion eGFP were detected in the soluble fraction of cell extracts, showing that they were produced by these strains in a soluble form.
A similar set of experiments were performed by fusing Nterminal sections of PduD to GST. Eighteen amino acids from the N terminus of PduD were fused to GST. Native GST failed to associate with the MCP, but the fusion protein did so (Fig.  5B) . The fact that GFP and GST both associated with the MCP when fused to a short region of PduD disfavors a nonspecific interaction of a particular fusion protein and favors the interpretation the that fusion proteins specifically interact with the MCP via the sequences derived from PduD. These results in conjunction with the studies described above indicate that a short region of the N terminus of PduD is necessary and sufficient for packing proteins to the lumen of the MCP.
Immunoprecipitation indicates that proteins fused to the N terminus of PduD are encapsulated within the shell of the Pdu MCP. To test whether the fusion proteins were encapsulated within the protein shell, MCPs were purified from a strain producing PduD(1-18)-eGFP and a portion was broken by dialysis and sonication. Intact and broken MCPs were incubated with anti-GFP antibody. Protein A-immobilized beads were used to precipitate the anti-GFP antibody and associated proteins. Western blotting showed that PduD(1-18)-eGFP coprecipitated with protein A-immobilized beads incubated with anti-GFP antibody and broken MCPs but not with protein A-immobilized beads incubated with anti-GFP antibody and intact MCPs (Fig. 6 ). These findings support the idea that PduD(1-18)-eGFP is encapsulated within the shell of the Pdu MCP, blocking its interaction with the anti-GFP antibody, and 
DISCUSSION
Our prior studies showed that 18 N-terminal amino acids target the PduP enzyme to the lumen of the Pdu microcompartment (18) . Previous bioinformatics analysis also showed that PduP and five other putative MCP enzymes have N-terminal extensions compared to homologous enzymes not associated with MCPs (18) . Besides PduP, these included diol dehydratase (Pdu MCP), ethanolamine ammonia lyase and ethanol dehydrogenase (ethanolamine utilization MCPs), and pyruvate formate lyase (an MCP of unknown function) (18) . In the present study, we provide evidence that the N-terminal region of the medium subunit (PduD) of diol dehydratase is necessary and sufficient for targeting enzymes into the lumen of the Pdu MCP. This discovery is the second example of an N-terminal extension that acts as an MCP targeting sequence, suggesting that this may be a general mechanism. However, it is clear that other mechanisms are used to encase proteins within MCPs and related structures. In Thermotoga, a short C-terminal extension is necessary and sufficient for packaging a DyP/Flp homologue into a polyhedral nanocompartment made of encapsulin (40) . In addition, many MCP enzymes lack obvious N-or C-terminal extensions. In the case of carboxysomes, no such extensions have been found. Instead, a carboxysome protein (CcmM) is thought serve as a scaffold for both encapsulated enzymes and shell proteins (15, 26) . Furthermore, a related mechanism might also be used to target proteins to the exterior of bacterial MCPs. Recent studies indicated that the 42 N-terminal amino acids from the PduV protein targeted GFP to the outer surface to the Citrobacter Pdu MCP (34) . There might also be species variation in targeting mechanisms. Prior studies on the Citrobacter Pdu MCP indicated that a full-length PduC-GFP fusion protein colocalized with empty MCP shells composed of the PduABJKNU proteins (34) , but studies reported here showed that PduC does not associate with purified MCPs in the absence of PduD.
Bioinformatic studies also suggested that the N terminus of the PduE subunit is involved in packaging PduCDE into the Pdu MCP (18) . However, we showed here that the N-terminal extension of PduE had little effect on packaging. The ratio of diol dehydratase activities in crude extract and purified MCPs was similar for wild-type PduCDE and PduCDE(⌬2-35). In addition, PduE was not packaged into the MCP when expressed individually, even though it was present in the soluble fraction. Nonetheless, bioinformatic analyses suggest that the N-terminal extension of PduE is an MCP adaptation since it is absent from PduE homologues that are not MCP associated. Thus, although alternatives are possible, these results suggest that the N terminus of PduE binds an enzyme encapsulated within the MCP or otherwise mediates higher-order assembly.
Several laboratories have suggested that bacterial MCPs might be rationally engineered to serve as intracellular bioreactors for the improved production of chemicals and pharmaceuticals (17, 32, 33, 41, 48) . In general, compartmentation has potential use for channeling substrates and products through specific pathways, for increasing metabolic flux through high local concentrations of enzymes and intermediates, and for mitigating enzyme or metabolite toxicity (17, 32) . Methyl halide production was increased by targeting a crucial enzyme to a vacuole (2) . The toxicity of a protease was mitigated by encapsulation within an engineered lumazine synthase capsid (46) . Heterologous and chimeric RuBisCOs were produced within carboxysomes as a step toward enhancing CO 2 fixation (27) . The targeting sequence reported here is the second sequence demonstrated to target heterologous proteins to the lumen of the Pdu MCP (18) . This is of potential importance to targeting multiple proteins to an engineered MCP. In addition, prior studies showed that it was possible to produce Citrobacter Pdu MCP shells without any native encapsulated proteins (34) . Thus, the Pdu MCP is beginning to develop as a promising system for biotechnology applications, although such applications remain to be demonstrated.
